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ABSTRACT 



Laboratory batch and semi-continuous experiments 
were carried out at 20 C on the aerobic digestion of activated 
sludges containing aluminum salts (precipitation with alum) or 
ferric salts (precipitation with ferric chloride) used for 
phosphorus elimination. Treatment responses measured were 
digested sludge characteristics (volatile solids destruction, 
oxygen uptake, se 1 1 1 eab i 1 I t y and dewa t e ra b i 1 i t y ) and superna- 
tant characteristics (soluble total organic carbon, soluble 
nutrients and suspended solids). The only variable that was 
controlled for all experiments was the sludge hydraulic 
detention t i me . 

Series I of experiments comprised 3 batch aeration 
tests Which lasted 28 days and were carried out using sludges 

precipitated with alum (200 mg/1) or ferric chloride {10 mg/1 

+ 3 
as Fe ) and a control sludge. Series II covered 3 batch 

aeration tests that lasted for 21 days to treat sludges pre- 
cipitated with alum (550 mg/1) or ferric chloride (30 mg/1 as 

+ 3 
Fe ) and a control sludge. In Series III, aerobic digestion 

of the above k types of chemical sludges as well as a control 

sludge was carried out in both batch units (10 day aeration) 

and sem i -con t i nuous units (10 day theoretical detention time). 

The sem i -con t i nuous units were operated at average loadings 

of 0.06 lb VS/day/cu ft (960 g VS/day/cu m) . 



The performance of aerobic digestion of conventional 
activated sludges was not affected to any practical degree by 
the presence of ferric or aluminum precipitates. Release of 
soluble organic carbon and nutrients during the aerobic 
digestion of activated sludges was not enhanced rn the 
presence of the chemical precipitates. Digested sludges 
showed poor dewatering characteristics especially when long 
aeration periods were employed in batch treatment. 

An aeration period of 10 to 15 days appears to be 
adequate for obtaining satisfactory stabilized sludges. Under 
the conditions studied, batch operation of aerobic digesters 
resulted in a greater destruction of sludge volatile solids 
and a greater reduction In the sludge oxygen uptake rates than 
the semi-continuous operation. However, the latter method of 
digester operation provided sludges of better dewa t e ra b i 1 i t y 
and supernatant quality. 



KEYWORDS : aerobic sludge digestion, chemical sludges, volatile 
solids destruction, sludge oxygen uptake rates, 
secondary growth, carbon and nutrients release, 
nitrification, digested sludge characteristics, 
batch and semi-continuous operation 
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resume' 



Dos experience discontinues et semi -continues ont ete faites en 
laboratoire a 20 C concernant la digestion aerobie des boues activees qui 
contiennent des sels d'aluminium (precipitation dans I 'alun) ou des sels 
ferriques (precipitation dans le chlorure fcrriquej dont on sc sert pour 
eliminer le phosphore. Les parametres du traitement mesure concernant In 
hour digeree sont les suivants: destruction des matieres solides volatiles, 
absorption d'oxygene, decantabilite et possibilite de dcshydratat ion. Quant 
aux surnageants, les parametres sont la quant ito globale de carbonc organi- 
que soluble, les substances nutritives solubles et les matieres solides en 
suspension. Le temps de sejour de la boue dans Ic systeme hydraulique est 
la seule variable qui a ete contr5l6e au cours de toutes les experiences. 

La serie I des experiences comprenait trois essais d'aeration dis- 
continue qui ont dure 28 jours, et on a employe des boues prccipitees dans 
I'alun (20 Omg/1) ou le chlorure ferrique (lOmg/1, Fe ') ainsi qu'une boue de 
contr61e. La serie II etalt composee de trois essais d'aeration discontinue 

qui ont dure 21 jours, pour traiter des boues precipitees dans I'alun (SSOnig/l 

+3 
ou le chlorure ferrique (30mg/l , Fe ^ ) et une boue de control c. Pans la serie 

III, la digestion aerobie des quatre types de boues chimiques procitees, on 

plus de la boue de contrOle, s'est faite a la fois en discontinu flo jours 

d'aeration) et en semi-continu (temps de sejour de 10 jours, en theories. 

Les experiences semi -continues se sont deroulces avec une charge volumique 

de 0.06 lb M.V./jour. pi^(960 g M.V./jour. m^"^) . 

Le rendement de la digestion aerobie des boues activees n'a ete 
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tonche en aucun point p;ir la presence de proci pittas ferriques on J 'alumi ii i inn. 

La liberation de cnrbnne ortjanique soluble ct de -Jiubstances nutritive'^ an 

cours de ia digestion aerobic des boues activecs n*a pas ete accrue par la 

presence des precipitos chimiqucs. I,e taiix de dcshydratation de?^ bones 

digerees etait faible, part icul icremcnt lorsque les periodes d 'aeration etaient lant'.ii 

longues durant le traitemcnt discontinu. 

Pour obtenir des boues suff isammcnt stabilisocs, une per lode 
d' aeration de 10 a IS jours semble convcnir. Dans les conditions etudiees, 
le fonct ionnemcnt discontinu des digesteurs aerobies a resulte en une pln^^ 
grande destruction des mat ie res sol ides volatiles et en une plus forte re- 
duction des taux d'absorption d'oxygene, par rapport au fonct ionnemcnt seni- 
continu. Toutefois, ce dernier mode de fonct ionnement donne des boues dont la 
deshydratation ct la qualite des surnagenants sont supericures. 

PRINCIPAUX TERNtES: digestion aerobie des boues, boues chimiques, destruction 

des matieres sol ides volatiles, taux d'absorption d'oxygene 
des boues, accroissement secondaire, liberation de carbone 
et de substances nutritives, nitrification, parnmetres des 
boues digerees, fonct ionnement di*^continu et semi -cont inu. 
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I. INTRODUCTION 



1.1. General 

Handling and disposal of sludge is usually a major 
difficulty and expense in wastewater treatment. The method 
most commonly used for this purpose today is that of anaerobic 
digestion followed by dewatering of sludge. In recent years 
aerobic digestion is also becoming popular especially for 
smaller plants as the process is relatively simple and quite 
re 1 i ab I e . 

Aerobic digestion is a process designed to convert 
the biodegradable portion of organic sludges (waste activated 
sludge, primary sludge and some industrial organic sludges) 
into C0„ and water, and thus, produce a stable material that 
is easily de watered. 

Although considerable research has already been 
conducted on the subject, insufficient information is avail- 
able for a rational design of treatment units to be operated 
under the cMnatic conditions encountered in the Lower Great 
Lakes Basin. This situation will be further complicated by 
the use of various chemicals for phosphorus precipitation as 
the characteristics and treatability of these sludges will be 
affected by chemical addition. 

Due to the variable nature of different sludges arid 
a general lack of design data for the various modifications of 



the aerobic digestion process, It is recommended that v^/here 
possible, laboratory, pilot or full-scale studies be initiated 
to develop the required design information. !t vvould be 
desirable to obtain: 

(a) the rate of volatile suspended solids destruction; 

(b) the maximum percent reduction of volatile suspended 
solids which can be expected, and; 

(c) the oxygen requirements for various degress of 
volatile solids destruction. 

In addition, little is known about the volumes and character- 
istics of final products of aerobic digestion (digested sludge 
and supernatant) as well as the amounts of phosphorus, 
nitrogen and soluble organlcs released from sludges during 
such treatment. 

The results of this study (Phase I) and its 
continuation (Phase II) will provide a better understanding of 
the process of aerobic digestion and its special application 
to sludges containing inorganic phosphorus precipitates. 
Thus, the particular studies required for specific treatment 
cases may be drastically shortened or even eliminated. 



1.2. Characteristics of the Substrate 

Organic sludges originating In biological wastewater 
treatment processes are not easily disposed of, because they 
can be difficult to concentrate by sedimentation, to digest 
anaeroblcally or aerobically and to dewater mechanically. 

In sewage treatment it is generally possible to 



differentiate among primary sludge, secondary sludge, combined 
primary and secondary sludge, and sludge from a contact 
stabilization process. The chemical precipitation of 
phosphates modifies these sludges by the precipitation of 
phosphates and organic matter. In addition, there is an 
accumulation of the chemical compounds used as the coagulant. 
Characteristics of these sludges may differ In many respects 
from the analogical sludges which were not s;Ubjected to such 
chemical treatment. 

The following list of tests was used to describe the 
studied sludges: (a) total solids; (b) volatile solids; 
(c) suspended solids; (d) volatile suspended solids; (e) total 
phosphorus; (f) total nitrogen; (g) oxygen uptake rate; 
(h) pH; (i) settleability; (j) filterability and; (k) doses 
of precipitating agent. 
1.3 Characteristics of the Aerobically Digested Sludge 

Aerobically digested sludge may be characterized by 
the previously mentioned tests and by calculations of the 
respective reductions in the volatile solids and the volatile 
suspended solids. Of special imporatance are the values of the 
sludge oxygen uptake rate and sludge ability to dewater 
(determined in part by the settleability and filterability 
tests) . 

Randall et al (1969) and Parker et al (1972) showed 
that aerobic digestion initially improves the drainability of 
sludge; digestion beyond an optimum point Increases its 



dispersion, and, therefore, decreases drainablJity. 

It seems that the filtration characteristics of a 
biological sludge, in general, are a function of tfie floccu- 
lation of that sludge. The mechanlsfn of this flocculatlon 
probably is based in part on the van der Waal's forces of 
attraction and to a larger extent on the bridging action of 
some polymers of biological origin such as polysaccharides arid 
polyamino acids which may be excreted by the bacterial cells 
(see point 1.5.). 



1.^. Characteristics of the Supernatant 

The quality of the sludge supernatant characterizes 
to some extent the process of aerobic digestion. In turn^; 
supernatant itself may be characterized by the following 
tests: (a) suspended solids contents; (b) soluble organic 
carbon; (c) soluble ammonia nitrogen; (d) nitrate nitrogen, 
and;(e) soluble phosphorus content. 

The increase in the supernatant suspended solids 
content indicates the dispersion of the digesting sludge and 
decrease of its flocculatlon ability. The increase in 
filtrate organic carbon indicates some cellular destruction 
and/or leakage of cellular constituents from the activated 
sludge as a result of its endogenous respiration. The release 
of bacterial nutrients, ammonia nitrogen and soluble orthr- 
phosphates, is more proof of the same transformations. 
Oxidation of ammonia nitrogen to nitrate nitrogen is a 
subsequent process of a substantial interest. 



1.5. Assumed Mechanisms of the Aerobic Sludge Digestion 

In general, at some stage of endogenous respiration 
the activated sludge cells, as well as other bacterial cells, 
lose their viability and do not reproduce. However, they can 
respire until the membranes of cells break because of enzymic 
attack or physical shock. This stage is called "lysis" and 
is connected with the discharge of cell content (soluble 
organic carbon and mineral nutrients) into the medium. 

The released material may be used later on as a 
substrate for so-called secondary growth, connected wltfi the 
uptake of soluble organic carbon and nutrients from the 
solution and the increase of the volatile fraction of the 
sludge. 

Partial accomplishment of the cell lysis in a given 
sludge may be associated with the changes in some physical 
features of it, e.9' a decreased oxygen uptake rate and an 
improved dewaterabi 1 i ty, 

A presence in the sludge of chemicals used for the 
precipitation of phosphates may influence the process of 
aerobic digestion in different ways. A stimulation of the 
oxidation kinetics seems possible as a consequence of ferric 
salts additions. Some inhibition of biochemical transfor- 
mations Is also possible, especially if a given precipitation 
process is connected with a proper pH adjustment. Depe fading 
on the dosage of the chemicals added to the system, they may 
also influence its physical characteristics. 



1.6. Program of the Experiments 

The present study consists of three series of 
laboratory experiments at 2 0°C on the aerobic digestion of 
activated sludges containing ferric (precipitation with FeCl^) 
or aluminum salts (precipitation with Al^lSO^)^) used for 
phosphorus el i m i n a t i o n . 

Series I of experiments comprised 3 batch aeration 
tests which lasted 28 days, and were carried out on sludges 
to which aluminum or ferric salts were added in quantities 
usually applied for phosphorus removal from mixed liquor. 

Series II of experiments covered 3 batch aeration 
tests lasting 21 days and carried out on sludges with much 
higher additions of the chemicals. The purpose of this series 
was to determine the ultimate consequences that the presence 
of chemicals would have on aerobic sludge digestion. 

In Series III, the experiments on aerobic digestion 
of these sludges were carried out according to a semi-contin- 
uous loading pattern for the optimal conditions of treatment 
as determined in Series I and II. 

The general objective of this research was to 
establish for the studied sludges: 

(a) a practical basis for design of treatment units; 

(b) the characteristics of treatment products; and 

(c) loads of nutrients and dissolved organics released 
during such treatment. 



I I . EXPERIMENTAL DETAILS 

2.1, Experimental Set-Up 

The laboratory-scale digesters used were five- 
gallon pyrex botttes. Two porous lafaoratory-air diffusers 
(extra coarse 12 mm O.D. fritted glass cylinders), were 
extended to the bottom of each digester and connected with 
rubber tubing to a compressed air supply. The diffusers were 
employed to meet the process oxygen requirements and to 
provide mixing in the digester. To minimize the sample volume 
losses on evaporation the air supplied was saturated with 
distilled water. Air was also freed from any greasy 
impurities before being applied to the digesters. Air flow 
rate to each digester was controlled by a precision air flow 
me te r . 



2.2. Description of Sampling Plant 

Activated sludge mixed liquor samples were taken 
from the Number Sewage Treatment Plant of Metropolitan 
Toronto. This plant treats an average flow of approximately 
70 MGD domestic sewage mixed with some industrial waste. The 
raw wastewater has an average BOD_ of approximately 300 mq/ 1 
and suspended solids around ^00 mg/ 1 . The average total 
phosphorus content (unfiltered) of the raw wastewater is 
about 30 mg/ 1 as PO . . 



2,3. Chemical Addition Technique 

Addition of chemicals to the activated sludge 
aeration tank near its effluents end was selected as a method 
for phosphorus removal within an activated sludge secondary 
treatment process. Alum and ferric chloride were the 
chemicals used for phosphorus precipitation. T h e general 
technique employed in this study was as follows. Each of 200 
liter tanks was filled up to its 1^0 liter mark with samples 
of activated sludge mixed liquor collected from one of the 
Number Sewage Treatment Plant aeration tanks near its effluent 
end. According to the plant operation procedure, this mixed 
liquor had been aerated for about five hours. The alkalinity 
of mixed liquor was measured before any addition of chemicals 
and compared with the alkalinity required for successful 
precipitation as calculated in each case according to the 
predetermined chemical dosage. No additional alkalinity was 
needed in all cases studied. A measured volume (about 1 
liter) of the concentrated chemical solution was added to the 
150 liters mixed liquor sample in the tank in order to obtain 
the required chemical concentration in the tank according to 
a pre-set chemical dosage. No coagulant was added to the 
control tank. Mixing of chemicals with tank contents was 
achieved by applying compressed air through porous air 
diffusers mounted near the bottom of the tank. Immediately 
after addition of the chemical solution, rapid mixing of the 
chemical with the tank contents was applied for about three 
minutes by blowing compressed air bubbles at high rates and 



by employing manual agitation as an additional mixing 
technique. This vyas followed by slow mixing provided by a 
low diffused air flow rate to enhance the flocculation process 
and to keep the tank contents in suspension. After 30 minutes 
of slow mixing, the compressed air supply was turned off and 
the tank contents were left to settle for about two hours in 
order to obtain approximately 30 liters of the compacted 
precipitated sludge. For the control sludge tank, the tank 
contents were also left to settle for about two hours starting 
at the same time as the other two tanks. After settling, the 
supernatant from each tank was discarded by siphoning. The 
settled sludges were then transferred to the laboratory diges- 
ters and sludge samples collected for the Initial laboratory 
ana 1 y ses , 



2. A. Laboratory Experiments 

Three consecutive series of experiments (Series 1, 
II and III) were carried out. The above described technique 
was followed for the preparation of sludge samples employed in 
each series. The suspended solids contents of the activated 
sludge mixed liquors (MLSS) used in Series I and II were 3,300 
and 2,6p0 mg/1, respectively. In Series ill, the MLSS of the 
activated sludge used for the batch operation of digesters for 
the first 10 days was 3,150 mg/1 whereas the MLSS of the 
activated sludge used thereafter for the semi-continuous 
operation of digesters was 2,980 mg/1. Technical grade alum 
(A1(S0,).18H0) and ferric chloride (FeCl-.6H0) were used. 



In Series I the sludges employed vje re the settled 
activated sludge (control sludge), the alum-precipitated 

activated sludge using 2 00 mg/1 of alum and the ferric 

+ 3 
chloride precipitated activated sludge using 10 mg/1 of Fe 

Series fl of experiments also employed three different sludges 
but chemical dosages were increased. In this case batch 
laboratory experiments were carried out using settled acti- 
vated sludge (control sludge), precipitated activated sludge 

after addition of 550 mg/1 of alum and precipitated activated 

+ 3 
sludge from the addition of 30 mg/l as Fe of ferric 

chloride. In Series 111 of the experiments five different 

sludges were employed. These were sludges A, B, C, D and E 

described as settled activated sludge (control), a t urn 

precipitated activated sludge (200 mg/1 of alum), alum 

precipitated activated sludge (550 mg/1 of alum), ferric 

chloride precipitated activated sludge (10 mg/1 of Fe ) , and 

ferric chloride precipitated activated sludge (30 mg/1 of 

+ 3^ . , 

Fe ), respectively. 

In Series Ml, the five sludges collected for the 

daily feed of digesters during s em i - con t I n uo u s loading 

operation were stored at a temperature of h C for 19 days. 

Representative samples of each of these sludges were analyzed 

weekly to estimate the average concentration of total solids, 

total volatile solids, suspended solids, and volatile 

suspended solids, as well as the pH and ammonia nitrogen. 
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2 .5. Operation of Batch Digesters (Series I and ll) 

The laboratory-scale batch digesters were operated 
on a once fed basis. Sludge volume in each batch at the start 
was 18 liters. Digesters were operated at 20 C in a constant- 
temperature room. Aeration time was the variable parameter 
studied. Digesters were continuously aerated for 28 days in 
Series 1 of the experiments whereas aeration continued only 
for 21 days in Series II of the experiments. Sufficient air 
was supplied to each batch digester and was controlled to 
maintain dissolved oxygen concentration of 2.0 mg/1 or more 
and to keep digester solids in suspension throughout the 
aeration period. The total air flow rate was measured and air 
flow was equally distributed among the three batch digesters 
employed in each series of experiments. Dissolved oxygen 
concentrations were frequently monitored in the digesters. 

Each time, before sampling, distilled water was 
added to compensate for any reported volume losses resulting 
from evaporation and microbial decomposition. Solids which 
had accumulated on the inside walls of each digester were 
resuspended. Immediately prior to withdrawing a sample of 
digested sludge, each digester was shaken manually to insure 
a representative sample of the contents of the digester. 
Samples of digested sludge were withdrawn by siphoning from 
the contents of each digester at a mid-depth point. Sampling 
was carried out according to the preset sampling frequency 
schedules given in Table 1 for Series I and in Table 2 for 
Series II of the experiments. 
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2.6. Operation of Digesters under Sem?- Continuou s Loading 
(Series III ) ' 

The aerobic digestion of sludges was performed in 

the 1 a bo ra t o ry - s c a 1 e units at an averaqe organic loading rate 

of about 0.0 6 lb VS/day/cu ft. The theoretical hydraulic 

detention time in each digester was 10 days. Digesters were 

o 
operated on a once-a-day fed basjs at 20 C in a constant-tem- 
perature room . 

An initial charge of 10 liters of each of the five 
sludges used {A, B, C, D and E), adjusted by a concentration 
or dilution procedure to a total volatile solids content of 
approximately one percent, was added to each digester and 
aerated continuously at 20 C for 10 days to acclimatize the 
microbial population to the aerobic environment. Addition of 
distilled water to compensate for losses by evaporation as 
well as changes in the sludge volume resulting from microbial 
decomposition was required to maintain a constant sludge 
volume of 10 liters in each digester. After aeration for 10 
days a digested sludge sample of 1 liter was withdrawn by 
siphoning from each digester. Results from analyses performed 
on these sludges were reported as ^'10 day batch experiment 
resu 1 t s" , 

An experimental run at an average organic loading of 
about 0.06 lb VS/day/cu ft was started after completion of the 10 
day batch experiment using another five sludges (A, B, C^ D 
and E type sludges) collected one day before starting thi-^ 
run. The total volatile solids content of each of these 
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sludges was initially adjusted at about one percent. These 
sludges were preserved at ^ C tg be fed to digesters through- 
out this experimental run. The digesters were each fed 1 
liter per day providing a theoretical hydraulic detention time 
of 10 days. The daily feed sludge samples were brought up 
gradually to about 20 C before adding them to the digesters to 
prevent thermal shock to the microbial population. The first 
sludge feeds were add^d tp digesters directly after the 
withdrawal of the 1 liter 10 day digested samples from 
digesters as mentioned above. For each digester, the proce- 
dure followed thereafter each day was to first withdraw 1 
liter of digested sludge from the digester and then to add I 
liter of the feed sludge to the digester. In this manner, 
the sludge volume in each digester was kept constant at 10 
liters. Distilled water was added daily prior to sludge w 1 1 h -^ 
drawal to make up for any changes in the sludge volume. 
Solids which had accumulated on the inside walls of each 
digester were resuspended. Sufficient air flow was supplied 
to each of the five digesters to maintain dissolved oxygen 
concentrations of 2,0 mg/1 or more and to keep complete mixing 
of contents in each digester. Immediately prior to withdraw- 
ing a sample, each digester was shaken manually to insure a 
representative sample of the contents of the digester. 
Samples of digested sludge were withdrawn by siphoning from 
the contents of each digester at a mid-depth point. The 
experimental run described above continued for a period of 
time sufficient to provide at least one complete displacement 
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of the digester's sludge volume before any of the samples of 
digested sludge were analyzed. Once the steady state 
conditions were reached in all digesters, analyses were 
performed on the samples withdrawn daily. Sampling continuec) 
fbr a period of 6 davs. 

Analyses performed on sludge samples included 
determinations of total solids, total volatile solids, 
suspended solids, volatile suspended solids, oxygen uptake 
rate, total phosphorus, total kjeldahl nitrogen, pfl and 
dissolved oxygen content. Supernatants from sludge samples 
weire analyzed for soluble total phosphorus, soluble total 
organic carbon, ammonia nitrogen and nitrate nitrogen. 
Filterability and settleability tests were carried out on the 
sTudges. The sludge samples were settled for 2 hours and the 
suspended solids concentration of the supernatant measured. 

The average measurements from five-day steady state 
operation were reported for solids and pH of the digested 
sludges. Other measurements were reported as averages from 
three-day steady state operation except in the case of 
settling aind filtration tests results which were reported for 
digested sludges collected only in one day of steady state 
operation, 

2.7. Analytical Methods 

In all experiments the required sample of sludge 

under aeration was siphoned from each digester. Analyses 

were performed on a portion of this sample. The term 
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"digested sludge" was used in reporting the results In this 
case. The other portion of the digester sample was centri- 
fuged for a period of 10 minutes at 1,500 rpm in a laboratory 
centrifuge, and the supernatant was first filtered through a 
glass fiber filter, a O.Bm membrane filter, and finally 
through a 0.^5M membrane filter. Determinations for soluble 
materials were made on this final filtrate. 

Laboratory analyses for determination of total 
solids, total volatile solids, suspended solids, volatile 
suspended solids, total kjeldahl nitrogen, ammonia nitrogen 
and nitrate nitrogen were carried out using the procedures 
outlined in"Standard Methods for the Examination of Water and 
Wastewater, I3th Edition (1971)". Titration with standard 
0.02 N sulfuric acid was the method used for measuring 
ammonia in the distillate following the digestion-distillation 
procedure for total kjeldahl nitrogen determination and the 
distillation procedure for ammonia nitrogen determination. 
Nitrate nitrogen was determined using the brucine method. 

Total organic carbon was measured using Beckman 
Total Carbon Analyzer {Model 915). The total phosphorus 
content as o r t hophospha t e was determined, following digestion 
with potassium persulfate, using the aminonaptholsulfonic acid 
method (Heinke, Ph.D. Thesis, McMaster University, 19^9) 
employing a Techn i con a u t oan a I y ze r . Oxygen uptake rates were 
recorded at 20 C using an oxygen monitor set-up (Yellow 
Springs Instrument Company Incorporated, Model 53). 
Dissolved oxygen concentrations in digesters were monitored 
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using a dissolved oxygen probe and Model 5^ Oxygen Meter 
(Yellow Springs Instrument Company Incorporated). pH measure- 
ments were carried out using a pH meter. Se L t 1 ea b i 1 i t y tests 
were conducted on sludges in a 1 liter graduated cylinder 
employing a slow mixing device rotating at 1 rpm along the 
internal wall of the cylinder. The supernatant suspended 
solids were measured after two hours of sludge settling. 
F i 1 t erab i 1 i ty tests were carried out on sludges using a vacuum 
filtration apparatus incorporating a modified Buchner funnel 
and a 100 ml volumetric cylinder. Filterpaper Whatman No.l 
(diam = 7 cm) was used as the filter medium and a vacuum of 
15 inches of mercury was applied. 
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III. RESULTS AND DISCUSS ION 

3.1. Characteristics of the Substrates fo r the Experiments 

Although the substrates for all experiments carried 
out in the scope of this study were the mixed liquors and 
their precipitates from the same conventional activated sludge 
plant, the characteristics and behaviour of these materials 
were not identical because of some fluctuation In the plant 
operation and performance. 

For Series I and tl of the experiments the original 
MLSS concentrations were 3,300 mg/1 and 2,600 mg/1, respec- 
tively. Series III of experiments were initiated using 
sludges that originated from a mixed liquor with suspended 
solids concentration (MLSS) of 3,150 mg/1 and the semi- 
continuous run in this series employed feed sludges that had 
an original MLSS of 2,980 mg/1. 

However, the use of a control sludge in each case 
studied provided a good means of comparing the performances of 
the different sludges studied under different operating 
conditions. 

3.. 2 Des t ruct i onoof Volatile Solids 

For series I of experiments, Table 5 (See App'^ndix 
A for all Tables) shows higher percent reductions in the TVS 
and VSS of sludges obtained by addition or normal dosages 
of alum and ferric chloride for phosphorus precipitation as 
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compared with the control sludge. The digestion of sludge 
treated with alum resulted in the greatest volatile solids 
reduction. In Series It (Table \\] , however, where higher 
dosages of chemicals were applied, no marked increases tn the 
destruction of the TVS and VSS were noted. In the first part 
of Series III (batch experiments. Table 15) comprising exper- 
iments with both normal and high dosages of chemicals, the 
results obtained showed that the reduction of TVS and VSS was 
greater for A (control sludge) than for sludges B, C and 0, 
and for TVS of E. Thus, it may be summarized that no improve' 
ment in the aerobic destruction of organic solids due to the 
presence of the studied chemicals was observed. 

In the sem i -con t i nuous experiments (the second part 
of Series IN, Table 17), no practical differences were noted 
among the results obtained for the control sludge and sludges 
with various additions of chemicals. In general the effec 
tiveness of the sem i -con t t nuous treatment in terms of the TVS 
and VSS destruction was slightly lower than in the batch 
t rea tmen t . 

Figure 1 shows a plot of the VSS versus aeration 
period (sludge age) for Series I and 11, The non-degradable 
fraction of VSS was graphically approximated. The degradable 
(oxidizable) VSS remaining was calculated and plotted as a 
function of aeration time for Series I and II, as shown in 
Figure 2. The VSS destruction rates determined for the 
Eckenfelder kinetics formula from plots in Figure 2 for 
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control sludge, alum sludge and FeCl sludge are 0.037, O.O67 
and 0,0^8 day , respectively for the Series 1, and 0.082, 
0.073 and 0.10 day ' , respectively for the Series It. For 
the log base of e^ these values are for the Series I O.O85, 
0.15^ and O.lll day "', and for the Series 11 O.I89, 0.168 
and 0.230 day , respectively. These data are within the 
normal range of the aerobic digestion kinetics. 



3. 3. Reduction of Oxygen Uptake Rate 

The study of the oxygen uptake rates confirmed in 
general the observations on the destruction of volatile solids 
of the sludges studied. For the control sludge the lowest 
level of the oxygen uptake rate was achieved in Series II of 
the experiments in the 7th day of aeration, whereas in Series 
I , the 10th day. 

For Series I (Table 6), the addition of the chemicals 
resulted primarily in an increase In the oxygen uptake rate 
reduction, while for Series II (Table 12), the high dosages of 
chemicals resulted in some delay of the decrease in the oxygen 
uptake rate reduction. 

From the batch part of Series III (Table 15), of the 
experiments similar conclusions may be drawn. For the semi- 
qontinuous experiments oxygen uptake rates were higher at 
steady-state conditions than In the 10 day batch experiments. 
Table 17 indicates that the oxygen uptake rates obtained for 
digested sludges with the presence of chemicals were compara- 
tively lower than for the control sludge* 
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3 . it . Secondary Growth in the Batch Digestion Experiments 

tt was observed in the batch digestion experiments 
that a part of the released soluble organic carbon and a part 
of the released nutrients, may be again assimilated in the 
course of the process to form some transient increase in 
concentration of VSS. 

In Series I of the experiments (Table k) , after 
achieving the maximum removal of the VSS in the 15th day of 
aeration of the control sludge, an Increase in the VSS was 
noted. An analogical increase was observed after 21 days for 
the ferric sludge, and was not noted at all for the alum 

sludge. 

The above changes were accompanied by the respective 
fluctuations in the oxygen uptake rates (Table 6), appearing a 
few days in advance of the measured changes in the VSS 
concen t rat I on . 

In Series 11 (Table 10) no increases in the VSS were 
observed, which might indicate the absence of secondary growth 
due to a difference In the substrate for Series I and M. 
However, the analysis of the oxygen uptake rates for this 
Series (Table 12), showed a possibility of the presence of 
some minute amounts of the secondary growth which was not 
determined g r a v i me t r i ca 1 1 y . 

It seems that secondary growth can be better 
observed by fluctuations in the sludge oxygen uptake rate as 
a sensitive measure of microbial activities in the aerobic 
digestion system. An appreciable net Increase In VSS within 
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the system due to the secondary qrowth must occur before any 
significant evidence of this growth can be observed by the VSS 
measurements especially if the system is running at high 
solidsconcentration. 

3.5. Release of Organic Carbon and Nutrients 

The analytical studies of the supernatants of the 
sludges undergoing the aerobic digestion showed significant 
releases to the solution of the total organic carbon, soluble 
nitrogen compounds and soluble phosphorus compounds. 

In the batch experiments the soluble carbon concen- 
tration in the supernatant increased in the first period of 
the aeration process (up to 7 days), indicating a release of 
organics from cells to the solution (lysis). This stage was 
followed by a decrease in the soluble carbon content, 
suggesting an uptake of this material for secondary growth 
and/or direct biological oxidation. 

Figures 3 and ^ show, for Series I and II, the 
analogy between sludge oxygen uptake rate and soluble total 
organic carbon in the supernatant. Both conditions were 
plotted as a function of aeration period. 

The addition to the sludges of normal or excessive 
amounts of chemicals did not appreciably change the patterns 
of the soluble carbon release. However, tn the semi-contin- 
uous experiments the amounts of the total organic carbon In 
the solution were significantly lower than in the batch 
studies. 
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Figures 5 and 6, for Series I and II of batch 
experiments, show that more ammonia nitroqen was releasrd to 
the supernatant in Series II, indicating perhaps .i hirjlipr 
degree of destruction of the respective substrate. In 
general, a decrease of anmonfa content in the supernatants 
was observed after k days of aeration and may be accounted 
for by the nitrification process and the uptake for secondary 
growth. It is to be noted that the peaks of the ammonia 
content in the supernatant coincided with the peaks of the 
total organic carbon content. 

It v/as also observed that following the decrease of 
ammonia content in the supernatant of the batch experiments, 
another increase in the ammonia concentration had taken place 
about 3 days later. Possibly this may again indicate a 
diminishing cyclical pattern of a secondary growth and its 
destruction. 

The application of normal amounts of chemicals used 
for phosphorus precipitation seemed to stimulate the above 
transformations whereas the excessive amounts of these 
chemicals partly inhibited this action. 

In the sem i - con t ) n uous experiments again the ammonid 
contents of the supernatants were decisively lower than in the 
batch experiments. However, more nitrate nitrogen \-jas 
released to the supernatants in the semi-continuous experi- 
ments. This may indicate that a higher degree of nitrifica- 
tion was taking place in the latter case. 

In the batch experiments the rates of phosphorus 
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release to the supernatants were higher in the early periods 
of aeration, and later diminished considerably. Alum and 
ferric sludges resulted in somewhat lower concentrations of 
this consitituent of the supernatant, however, the excessive 
amounts of chemicals additions did not change the patterns of 
these transformations. 

Comparing the fluctuations of soluble organic carbon 
content and phosphorus content In the supernatants of the 
sludges In batch aeration experiments, it was observed that 
the uptake of the latter for the secondary growth was less 
marked than the first. It may be explained by an assumption 
that the substrates contained phosphorus In excess, or by a 
partial oxidation of available carbon for the maintenance of 
microbial bacterial metabolism. 

In the semi -continuous experiments the contents of 
phosphorus in the supernatants proved to be distinctly lower 
than in the analogical batch experiments. The presence of 
chemicals even further facilitated the decrease in soluble 
phosphorus content, which was the lowest in the sludge with 
the excess alum dosage, perhaps due to chemical complexing of 
phosphorus released by cell lysis. 

3 . 6. Nitrification in Aerobic Digestion 

The ammonia nitrogen released from cells during the 
aerobic digestion process was further oxidized biologically 
In this process to nitrites and nitrates. The losses of tdt- 
total kjeldahl nitrogen content in the system also indicate (J 
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that nitrification was taking place. 

In Series I (Figure 5), of the batch experiments 
the sludges with chemical dosages showed more advanced 
nitrification. This stimulation, however, was not confirmed 
by the results of Series II (Figure 6), where excessive 
dosages of chemicals were applied. Similarly, in Series 111, 
for both batch and sem i - con t i n uous experiments, no selective 
influences on nitrification were observed, although the 
nitrification In semi-continuous loading was decisively more 
advanced than in batch treatment. 

Fluctuations in the pH values of the supernatant 
followed very closely the ammonia release and its nitrifi- 
cation, in the batch tests the pH increased gradually in the 
early stages of the aeration and then decreased rapidly with 
the occurrence of appreciable nitrification. Stable patterns 
of pH values seemed to follow the matured stabilization of the 
digested sludges. 

3.7. Phosphorus and Nitrogen Content of the Treated Sludges 

In batch aeration studies the total phosphorus 
content of sludges under aeration remained constant. The SS 
pf these sludges contained the difference between the original 
phosphorus content and the amounts of phosphorus released to 
the supernatant. Essentially this was also the case in semi- 
continuous experiments 4 

In all experiments the total kjeldahl nitrogen 
content in the systems decreased with the progress of 
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aeration mainly due to the occurrence of nitrification. 

3«Sf Dispersion of Treated Sludges 

With the progress of batch type aeration experiments 
the growing dispersion of the treated sludges, indicated by 
suspended solids content In the supernatant, was observed. 
Figure 7 shows that the presence of chemicals in the sludges, 
in genera), increased the SS content In the respective 
s upe rna t an t s . This may be explained by a somewhat higher 
sensitivity of the chemical floe to physical dispersion caused 
by the turbulence of extended aeration. 

Conversely, in the sem i - con t i n uous experiments no 
deterioration of the sludge flocculation ability v^as observed 
except for the sludge with the excessive dosage of ferric 
chloride. The sludges with the normal ferric chloride dosage 
and the excessive alum dosage gave lower contents of suspended 
solids in the supernatants than the control sludge. 

3.9. Sludge De watering Ability 

Table 20 gives results from filtration tests 
conducted on the different sludges used in Series I and II of 
the batch experiments. These results are of some value In 
comparing the dewatering ability of the sludges studied. It 
can be seen that, In general, deterioration rather than 
improvement In the dewatering ability of the sludges studied 
occurred as the aeration of these sludges was progressed. 
Also, no substantial differences In the dewatering ability 
were reported for the different sludges studied if the sludge 
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solids content is to be considered in each case. However, 
this simple test is considered, in this case, to be of a 
general rather than a specific value In evaluating the 
de watering ability of the sludges. 

The settling ability of the sludges studied in 
Series I and II of batch experiments (Table 21) generally 
deteriorated as a result of progressive aeration of these 
sludges. Sludges with normal chemical dosage had better 
settleability than the control sludge (Series I) wfiereas 
excessive addition of chemicals produced sludges with lower 
settleability as compared to the control sludge {Series 11)^ 

There was some general analogy between the 
dewatering and settling ability of the sludges studied as 
indicated by results from the filiation and settling tests. 
The deterioration of the dewatering and settling abilities of 
the sludges studied, as a result of excessive aeration in the 
batch digester units, is believed to be due to the excessive 
accumulation of the products from destruction of the sludge 
microbial cells. 

The semi-continuous operation of the digester units 
(Table 22) resulted in sludges of better dewatering and 
settling ability than those of sludges produced in batch 
digester units aerated for the same period of time (10 days). 
This can be explained by the daily partial wasting of the 
products from the digestion process during the semi- 
continuous operation allowing no excessive accumulation of 
these products. 
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3.10. Comparison of Batch and Sem J - Con t i nuous Loading 
E xpe r i men t s 

The batch aeration of conventional activated sludge*. 
without and with addition of chemicals used for phospliorus 
precipitation, seems to be a little more effective in the 
destruction of volatile solids and more markedly effective in 
the decrease of oxygen uptake rates, than the semi-continuous 
digestion. 

However, the sem i - con t i n uous treatment at 10 days 
detention time and average loading of 0.06 lb VS/day/cu ft 
showed a better quality of the supernatant and more advanced 
nitrification. 
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IV. CONCLUSIONS 

Based on experimental findinqs from this study it 
is concluded that: 

1. The performance of aerobic digestion of conventional 
activated sludges precipitated with ferric or aluminum salts 
for phosphorus elimination from treated wastewater does not 
differ in any practical degree from the same process for 
sludges which do not contain any minimal precipitates. 

2. Release of phosphorus and carbon during the aerobic 
digestion of conventional activated sludges is not enhanced 
in the presence of phosphorus precipitates resulting from 
additions of alum or ferric chloride. In batch digesters, 
more rapid release might be expected in the first 7 days of 
aeration of sludges, 

3. In general, both alum and ferric chloride precipi- 
tated activated sludges show similar performance during the 
aerobic digestion process. Presence of excessive amounts of 
these chemicals in the sludge could result in lesser amounts 
of released nutrients in the supernatant. 

** . Secondary growth of sludge solids may occur during 
the batch operation of digesters after sufficient carbon and 
nutrients have been released and accumulated in the digester. 
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5. For the loading conditions studied, an aeratic)n 
period of 10 to 15 days appears to be adequate for obtaining 
satisfactory stabilized sludges. For the same aeration 
period, batch operation of aerobic digesters resulted in a 
greater destruction of sludge solids than the semi-continutius 
loading operation. However, the latter method of digester 
operation provided digested sludges of better supernatant 
quality than those produced through the batch operation of 
digesters. 

6. fJitrificatton progressed v/ith aeration especially 
after k days of aeration in batch digesters. Fluctuations in 
the pH values of digested sludges accompanied the ammonia 
production and nitrification processes. For the same aeration 
period, significantly more nitrification occurred in the semi- 
continuous operated digesters than tn batch digesters. 

7. Supernatants from thickened digested sludges 
resulting from digesters operated in a s em i - con t I nuous loading 
pattern could be recycled to a sewage treatment plant without 
creating any significant additional organic and nutrient 
loadings to the plant. 



8. In batch digesters, poor sludge dewaterinq and 
settling characteristics accompanied the deterioration of 
supernatant quality in general and were more noticeable at 
longer aeration periods. Semi-continuous loading of aerohlc 

digesters produced sludges with relatively better dewatcr- 
ability and settleability. 
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V> RECOMMENDATIONS 

Phase I of thfs study should be followed by Pfiase 
II comprising batch and sem i - con t i n uous aeration at 20 C of 
lime precipitates from raw sewage. 

The planned Phase II will cover: 

(a) Preliminary batch experiments to determine optimum 
dosage of lime for both phosphorus re mo val and aerobic 
digestion. It is Intended to use in these experiments 5 
different lime dosages. The analytical control of experiments 
wilt be limited to the basic determinations, and their 
duration to 21 days. 

(b) Detailed batch studies scheduled for duration of 28 
days of aeration of the control sludge and 2 sludges precipi- 
tated with CaO optimal dosages, 

(c) Semi-continuous studies for control sludge and 
sludge precipitated with the optimal dosages of CaO. The 
proper loading for these experiments will be selected on the 
basis of the detailed batch studies; the planned duration of 
experiments will be 10 weeks. 
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APPENDIX A 
TABLES 
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{Series I of Experiments) 
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X 


X 


X 


X 


X 


X 


X 




X 


X 


1 .6 


k 


X 


X 


X 


X 


X 








X 


X 




X 


X 


0.5 


7 


X 


X 


X 


X 


X 


X 


X 


X 


X 


X 




X 


X 


1 .6 


1 1 


X 


X 


X 


X 


X 


X 




X 


X 


X 




X 


X 


1 .5 


1 S 


X 


X 


X 


X 


X 


X 


X 


X 


X 


X 




X 


X 


1 .6 


2 1 


X 


X 


Jf, 


X 


X 


X 


X 


X 


X 


X 




X 


X 


1 .6 



TABLE 3 



Total Solids & Total Volatile Solids 



(Series I - Batch Experiments) 





Ae r a t ion 
Period 
(days) 


Control S 1 ud( 


36 


A 


1 um S 1 udge 


Fe( 


; 1 ^ Sludge 






TS (a) 
mq/ 1 


TVS (b) 
mq/ 1 


% TVS 
TS 


TS 
mq/ 1 


TVS 
mq/ 1 


t TVS 
TS 


TS 
mq/ 1 


TVS % 

mq/ 1 : 


TVS 
TS 







n,i8o 


9,^60 


71.8 


12,3^0 


8,630 


69.9 


11,790 


8,310 ! 
1 


70. ^ 




1 


13,A70 


9,^70 


70.3 


12.170 


B,kkO 


69.3 


1 1 .i^OO 


7,950 


69.7 


^ 


2 


13,230 


8,910 


67.3 


11 ,310 


7,370 


65.2 


10,600 


6,930 ; 


65.3 


UJ 


% 


13,720 


8,990 


65.6 


1 1 ,020 


7,000 


63.6 


10,380 


6,650 


6^.0 i 




7 


12,670 


8,070 


63.7 


10,560 


6,620 


62. 7 


10,000 


6,270 


62.7 i 




TO 


12,280 


7,550 


61.5 


9,800 


5,800 


59.2 


9,^30 


5,700 


60. 5 




iS 


9.580 


5,800 


60.6 


8,560 


^4,890 


57.2 


8,^60 


^,830 


57.2 ■ 




t\ 


11 ,780 


7,050 


59.8 


8,660 


^,885 


56.5 


7,020 


3,970 


56.6 > 




28 


1 2 ,050 


7,060 


58.6 


8,350 


^,620 


55.3 


8,550 


it, 680 


5^.7 



(a ) Tot a 1 Solids 

(b ) Iota 1 Volatile Solids 



•- »' •' •» /- 



!i- 



TABLE k 

Suspended & Volatile Suspended Solids 
(Series I - Batch Experiments) 





A e r a t ion 

D „ , : « J 


Con t 


ro 1 Sludge 






A 1 urn Sludge 




Fe 


C 1 Sludge 




r c I 1 u u 

(days) 


SS (a) 

mg/ 1 


VSS (b) \% 
mg/ 1 ' 


VSS 
SS 


SS 

mg/ 1 


VSS % 

mg/ 1 


VSS 
SS 


: SS 

' mg/ 1 


VSS I % 
mg/ 1 


VSS 
SS 


1 


12,620 


9. 190 


72.9 


' 1 ! ,700 


8,480 '. 


72.5 


1 1 ,330 


7,990 


70.6 




2 


12,670 


8,670 


68. 5 


10,720 


; 7,210 


67,2 


10, 1 20 


6,730 


66.5 


i 

- 1 " 


12,790 


8,^90 


66.^ 


10,120 


6,490 


64,2 


9,430 


6,040 


64.2 


7 


' I 1 ,kko 


7,270 


63.6 


8,720 


5,340 


61.3 


8,650 


5,550 


eh.} 


10 


10,950 


7.0^40 


64.3 


8,080 


4,910 


60. 7 


7,770 


4,800 


61 .8 


15 


8,590 


5,370 


62.6 


7,410 


4,280 


57.8 


7,440 


4,2 60 


57.3 > 


'■ 21 

1 


10.590 


6,^160 


61 .0 


7,170 


4,030 


56.2 


5,470 


3 ,100 


56.7 




2 8 

1 


'11,130 


6,7^0 


60.6 


6,930 


3,910 


56.4 


7, 130 


4,010 


56.3 , 



(a) Suspended Solids 

(b) Volatile Suspended Solids 



TABLE 5 



Reductions in Total Volatile Solids & Volatile Suspended Solids 



(Series I - Batch Exp 



e r t me 



n ts ) 



\tt 



I 
Ae ra t i 


on 
.d 
) 


% Reduct 


ion in 


TVS (a) 


I 

' % Reduct 


ion in 


.... , 

VSS (b) 


Pe r i 
(days 


Con t ro 1 
SI udge 


A 1 um 
S 1 udge 


FeCl 3 
Sludge 


Con t ro 1 
S 1 udge 


A 1 um 
Sludge 


'. FeCl3 
Sludge 


k 




5.0 


18.9 


20.0 


7.6 


23.5 


2it.i» 


f 




U , 7 


23.3 


2k, G 


20.9 


37.0 


30.5 


l& 




: 2 0.2 * 

J, 


32. 8 


31.^ 


23. h 


^2.1 


39.9 


II 




, 38.7 


^3.3 


^1.9 


k] .6 


ks.e 


he. 7 


21 




25.5 


^3.^+ 


52.3 


29.7 


52.5 


61 .2 


28 




25.^ 


ke.k 


^3.7 


26.7 


53.9 


^9.8' 



(a) Tot a 1 Volatile Solids 

(b) Volatile Suspended Solids 



''J' ■i*v'v,\».,=v-»«V^ • 



-■il^se^ftV**/!,/... ■«, 



TABLE 6 

Oxygen Uptake Rates at 20^C 
(Series I - Batch Experiments) 






Ae ration 
Period 



Control Sludge 



Alum Sludge 



FeCl^ Sludge 



:mg02/hr/ mg02/hr/ rng02/hr/ 

(days) ppm02/hr g VSS ppm02/hr g VSS ppm02/hr g V55 




2 
k 

7 

10 

15 
21 
28 



27.60 
26.50 
30. 1 I 
1 3. 80 
1 .67 
2, 83 

6.^9 
5-^8 



3.00 
3.06 

3.55 
1 .90 
0.24 
0.53 
1 .01 
0.81 



36. 80 
25.48 

15.77 
5.38 
5.02 
3. 13 
2.31 
2.05 



h. 34 
3.54 
2.43 
1 -01 
1 .02 
0.73 
0.57 
0. 52 



33. 12 
23.69 
1 5.06 
2.94 
4. 51 
3.45 
1 .89 
I .60 



^.14 
3.52 
2. 49 
0.53 
0.9^ 
0.81 
0.61 
0. 40 



TABLE 7 

Digested Sludge Characteristics 
(Series I - Batch Experiments) 



I Ae ra t i on 
! Period , 
(days) I 



Control Sludge 

ITKN (a) iTP (b) 
pH I mg/ 1 -U : mg/ 1 -PO^ 



Alum Sludge 



FeCl^ Sludge 



I TKH TP 

pH img/l-rj mq/t-PO/^ 



TKN 
pH 1 mg/ I -N 



TP 

mg/ 1 -POZt 



. 


1 i 


7.8 


ND^^^ 


10^0 


7.6 i 


ND 


1020 


7.^ 


ND 


1020 




i 


7.9 


935 


ND 


8.3 ■ 


80^ 


m 


8,3 ! 


r^t 


m 




1 


7.9 


930 


1 160 


8.2 \ 


792 


1080 


8.3 


736 


1020 




1 


8.2 


926 


1 175 


6.2 


687 


1050 


6.2 


6^1 


1050 




t 


6.8 


ND 


ND 


6. 1 


ND 


'm 


6.2 


ND 


ND 




10 


6.2 


778 


1 250 


6.3 


618 


1050 


6.3 


5B8- 


1050 




15 


7. 1 


632 


1050 


6.^ 


52^ 


950 


6.8 


kz^ 


800 




21 


7. 1 


71^ 


1280 


6.7 


538 


1100 


6.7 


^98 


1 1 20 




28 


6.7 


GGh 


1 ^00 


7.0 


^31 


1 1 20 


6.5 


515 


1 no 



(a) Total Kjeldahl Nitrogen 
{b^ Total Phosphorus 
(c) Not Determined 



.(1..1 .ik_i. 



y-. r 



TABLE 8 



Supernatant Characteristics 

(Series 1 - Batch Experiments) 



Ae r a - 



Control Sludge 



Alum Sludge 



FeCl-3 Sludge 



t ion So 1 u- Sol u- So 1 u- 

ble bl e bl e 

PeriodTP(a) NH 3 ( b ) NO 3 ( c ) SS (d ) TOC(e)TP NH3 NO^ SS 

/I-'ng/l mg/1 mg/l mg/1- mg/1- 



Solu- Solu- 
ble b 1 e 
TOC TP 



NH 



mg / 1 - mg 



(days>P04 



N 



n 



PO 



14 



mg 7 1 - mq/ 1 

N 



mg / 1 mg /I - mg/1 
POz^ N 



NO 

mg 
N 



^- 



SS 

mg/ 



So 1 u- 
bl e 
TOC 
mg/ 1 



00 




1 

2 
k 

7 
10 

15 
21 
28 



12 
15 
33 

1 ko 

90 

1 20 
155 
1 18 
125 



N D ( f i N D N D 
^^.8 .^0; 72 
65.0- • 10' 48 



165 

1 92 
1 2h 
128 
! 16 
92 



ND 

6 

25 

25 

2 



520 

ND 
ND 

690 

680 



19.5 

36 

55 
]kS 
1 5^ 

66 

8 7 

77.5 

71 



C ] 23.0 N D N D 

23 68.9 .15 116 

^^119 .^5 80 

82 191 .28 700 

10 136 28 fJ D 

2 161 ek UD 

kO ]Bk Ik 680 

15 190 72 910 

10 18 6 6 6 730 



13.3 2 23.8 ND ND 15.7 

67.5 35 63.3 .05 1^^ 71 

78 80 116 .10 126 76 

139 90 171 .32 90 137 

128 1^2 1 1 i4 20 ND 102 

86 150 13^ ^8 ND 77 

88 175 169 62 5^+0 111 

78 1 58 167 66 870 82.8 

69 160 !d6 66 860 6i+, 5 



(a) Total Phosphorus 

(b) Amr^onia fJitrogen 

(c) Nitrate Nitrogen 

(d) Suspended Sol ids 

(e) Total Organic Carbon 
( f ) Not Determined 



TABLE 9 



Total Solids & Total Volatile Solids 



(Series II - Batch Experiments) 



u> 



Ae ra t i 


on 


Con t ro 1 SI udge 






Al 


urn Sludge 




Fe 


C I T Sludge 




Pe r i 

(days 

1 


d 
) 
















1 


, 


TS (a) 
mg/ 1 


TVS (b) Z 
. mg/ 1 


TVS 
TS 


TS 
mg/ 1 


i 


TVS Z 

mg/ 1 


TVS 
TS 


TS 
. mg/ 1 


TVS % 
ng/ 1 


TVS 
TS 


i « 




10,210 


7.180 


70. k 


1 ^4,300 


7 


10,130 


70.7 


11 ,380 


8.020 


70. k 


1 ' 




9,350 


6,630 


71.^ 


13,170 




9.170 


69.7 


1 ,630 


7.300 


68.7 


1 

1, 2 




8,900 


6,020 


67.7 


13,150 




8,930 


67.8 


9.960 


6,630 


66.7 


I « 




8,020 


5,2itO 


65.^ 


12,290 


; 


8, 170 


66.5 


9. 180 


5.870 


ek.Q 


1 

i 1 




7,780 


^,890 


62. 9 


10,990 




6,850 


62.3 


8,610 


5.390 


62. 7 


n 




7,^10 


^,610 


62.2 


10,5^0 




6,^60 


61.3 


8.370 


5, MO 


61 .^4 


•I 

IS 




7,^10 


^.550 


61 A 


10,500 




6,^10 


61 .0 


8,330 


5.070 


60.9 


21 

1 




7,150 


^,255 


59.5 


9,990 




5,920 


59.3 


8,050 


^,800 


59.7 



(a) Total Solids 

(b) Iota 1 Volatile Solids 



TABLE )0 

Suspended & Vo 1 a t J 1 e Suspen ded Solids 
(Series II - Batch Experiments) 



Aeration 
Period p 



(days 



Control Sludge 
SS (a) VSS (b) Z VSS 



Alum Sludge 



FeCl3 Sludge 



^^^y^' mg/1 



mg / 1 



SS 



SS 

mg/ 1 



i VSS 
mg/1 



VSS 


SS 


VSS 


' % VSS 


SS 


mg/ 1 


mg/ 1 


SS 


72.2 


10,800 


1 

7.310 


72.3 


72. 1 


9,680 


6,8^0 


70.7 


69.5 


9.170 


6,230 


67.8 


67.2 


8,280 


5,^00 


65.3 


6^.3 


7,^00 


^,670 


63.2 


63.9 


7,090 


^,520 


63.7 


63.^ 


6,970 


^.390 


63.1 


60. 3 


6,i+90 


3,950 


60.8 



o 




t 
2 

k 
7 

1 1 
1 5 
21 



9,570 
8,490 
8, 1 50 

7,110 
6,7tO 

6,360 
5,980 
5,760 



6.930 
6, 1 00 
5,680 
4,760 
4,420 
4, 150 
3 ,800 
3,560 



72.4 
71.8 
69.7 
66.8 
66.0 
65-3 
63-6 
61 .8 



3,300 
2 ,070 
2, 130 
I ,340 

9,940 
9,030 
8,910 
8,390 



9,610 
8,700 
8,430 
7,620 
6,400 
5,770 
5 ,660 
5 , 060 



i a } Suspended Solids 

(b) Volatile Suspended Solids 



TABLE 11 



Reductions in Total Volatile Solids S Volatile Suspended Solids 



(Series 11 - Batch Experiments) 



\n 



Aera t i on 

Pe r i od 


r ■ '■ ■ 

% Re 


duct 


i on 1 n 


TVS 


(a) 


I; ^ Reduct 


ion in 


VSS 


M ' 


Con t ro 


1 


A 1 um 




Feci , 
Sludge 


Control 


1 


A I um 


" 7" 


FeCl . 


(days) 


Sludge 




S 1 udge 




S 1 udge 




5 1 udge 




Sludge 




27.0 




19.^ 




26.8 


31.3 




20.7 




30.9 


1 7 


31.9 




32.^ 




32.8 


36.2 




33.4 




40.3 


1 

1 1 


35.8 




36.3 




35.9 


^40. 2 




40.0 




42.3 


15 


36.6 


- 


36.7 




36.8 


^5.2 




41 .2 




43.8 


21 


^0. 7 




^1.5 




^40.2 


48.7 




47.4 




49.4 



(a) Tota 1 Volatile Sol i ds 

(b) Volatile Suspended Solids 



,>. 



.» ri<.-- :y. 



T^v ^w-iypf' 



r ' 



TABLE 12 

Oxygen Uptake Rates at 20 C 
(Series II - Batch Experiments) 






Aeration Control Sludge 
' Period 



Alum Sludqe 



FeCl-3 Sludge 



fng02/hr/ rq02/hr/ ng02/'^r-/ 

(days) ppm02/hr g VSS ppn02/hr g VSS ppmn2/hr g VSS 





1 


kS.l 


7.09 


55.2 


5.76 


49. 2 


6.29 


1 


3^-9 


5.56 


^7.^ 


5.^3 


35.^ 


5.18 


2 


30. 2 


5.31 


36.8 


^.37 


31.6 


5.08 


: h 


1 0. 9 


3.97 


3 3. i 


^.33 


19. 5 


3.67 


7 


2. 29 


0. 52 


I6.it 


2.57 


2.63 


0.56 


1 1 


3.07 


0. 7 6 


2. 1 1 


0. 36 


2. 1 7 


0. kS 


15 


3.88 


1 .03 


3.51 


0, 62 


h. hi 


I .02 


21 


2.^7 


0. 72 


3.68 


0. 75 


2, 73 


0. 70 



TABLE n 

Digested Sludge Characteristics 
(Series II - Batch Experiments) 



Aera t i on 
Period i- 
(days) ! 



Con t ro 1 Sludge 



TKN (a) ' TP (b) 
pH mg/I-N mg/1-PO^ 



A 1 um 5 1 udge 
1 TKN 



FeCl-i Sludge 



TP 



TKN 



ITP- 



pH 



mg/ 1 -N mg/ 1 -P0i4 



pH 



mg/ I -N ! mg/ I -POi, 




] 
2 
4 
7 
II 

n 



7.35 

7.8 

7.95 

7.95 

6.15 

6.3 

6.3 

6.25 



714 
752 
706 
666 
561 
5^+3 

A73 



ND 



Cc) 



900 

1000 
850 
850 



6.95 

7.3 

7.5 

7.8 

7.25 

6. 1 5 

6.^5 



980 
952 

91 8 
932 
910 

756 
728 

680 



I 150 
HD 

1 125 
1 125 
1 1 50 
1325 
1 125 
1 150 



7.2 


798 


7.8 


720 


7.85 


680 


7.95 


753 


6. 1 


638 


6.35 


602 


e,k 


580 


6.2 


5^0 



1000 

ND 

950 

950 

950 

J 100 

1000 

1000 



(a) Total Kjeldahl Nitrogen 

(b) Total Phosphorus 

(c) Not Determined 



TABLE 1^ 



Supernatant Characteristics 
(Series I! - Batch Experiments) 



Ae r a - 



Control Sludge 



A 1 urn Sludge 



FeCl- Sludge 
3 



it Ion Solu- jSolu-Solu- 

' b 1 e b 1 e b I e 

PeriodTP(a) MH3(b)fJ03(c)SS(d) TOC(e)TP UH^ NO SS 

mg/1- mg/l- mg/i- ng/1 niq/1 mq/l- mq/I- mq/l- mq/ 

( d a y s ) p ^ N U ^ P /^ N N 



Solu-Solu- Solu 

b 1 e b 1 e b 1 e 

TOC TP fJH3 rjn SS TOC 

mg/l mg/1- mg/1- mg/l- mg/1 mg/1 

P j:^ N N 



a I 2i 2 3-5 0.16155 18 

m : T i ^ 3 9.2 . 1 i+ M D { f ) 2 8 

i 2 |l7 87.6 0.20250 

I k T55 161 ^.5 ND 

7 \t]n 119 2 2 ^30 

I n 2 20 121 3 52 

15 i2 2 5 138 k2 kGO 

2\ '270 1^2 56 380 



(a) Total Phosphorus 

( b ) Ammo nia Nitrogen 

.( c ) M i t r a t e f J r t >' o o e n 

{4} S u i pen cl ed Solids 

(.# ) Total Organic Carbon 

(f ) No I De t e '-m 1 ^e d 



5 7 


1 


82 


95 


82 


1 00 


67 


70 


6i+ 


70 


78 


80 



33.6 0.20 110 12 <cl 

3^.7 0.20 UD 20 2 

58.2 0.12150 29 10 

205 0.9 ND 88 55 

228 6 870 8^ 200 

17^ 21 ND 61 185 

186 26 1300 57 205 

195 61 1 080 68 2 10 



25.8 0.28120 13 

5^.3 0,20 ND 29 

107 0.12 ^00 ^9 

20 1 3.9 ND 1 2^4 

] k7 2A 6^0 7 1 

1^48 28 560 64 

161 28 650 65 

174 66 560 62 



TABLE 15 

Sludge Solids S Oxygen Uptake Rates 
(Series III - 10 Dav Batcfi Experiments) 



Sludge 



Aeration ' 
I 

Period ' 

; TS (a) 

(days) mg/1 



Sol ids 



O2 Uptake Rates 
at 20^0 



TVS (b) ^TVJ_ SS (c) 
mg/ 1 TS nig/ 1 



VSS (d) % V5S , 
mg/1 SS ,ppm0 2/hr mgOjhiVgVSS 



Con t ro 1 Sludge 
(A) 
(no chemicals 
added) 







1 ^+,220 
10,9^0 



9,970 70.2 13.^^0 



6,715 61. 3 9,5^5 



9,610 71.5 92.00 



6,058 63. 5 ^.92 



9.^6 



0.78 






AlumSludge 
(B) 
(200 mg/ 1 a 1 um) l 



1^,305 9,985 69.8 13,^10 
10.955 6,628 60.5 9,635 



9,^75 70.7 78.70 8.46 
6,000 62.3 3.63 0.61 



•AlunSludge 

• (C) 

(550 mg/I al um) 10 



15,090 10.365 68.7 13.985 
12.025 7,360 61.3 10,598 



9,850 70.4 75.20 7.75 

6.553 61.8 5.27 0.82 



FeC 1 7 S 1 udae 

(D) . 

(10 mg/1 Fe ^) 10 



15,115 10,555 69.8 lii,250 
11,635 7, 1 48 61.4 10,223 



0,130 71.2 87.00 8.49 
6,423 62.8 3.94 0.61 



FeC 1 , SI udae 

(^> ^3 
(30 mg/1 Fe ^) TO 



14,175 9,825 69-3 13,340 
11,018 6,648 60. 3 9,283 



9,385 70.4 82. 70 8.87 
5,680 61.2 4.21 0.74 



(o) Total Solids 

(b) Total Volatile Solids 



(c) Suspended Solids 

(d) Volatile Suspended SoMds 



■^-it'.^^- ■ 



TABLE 16 



Characteristics of Digested Sludge & Supernatant 
(Series III - 10 Day Batch Experiments) 



SI udge 



A e r a t ion 
Period 
(days) 



Digested Sludge 



Supernatant 



pH 



TP (a) 
mg/ 1 -POi^ 



TKN (b) 
mg/1 -N 



Soluble 
TP (a) 
ng/1-PO^ 



Soluble 
TOC (c) 
mg/ 1 



NH3 (d) 
mq / 1 - N 



N 3 ( e ) 
mg/l-N 



Con trol Sludge 
(A) 
(no chemicals 10 

added) 



7.6 



Uoo 

U50 



930 
725 



2 

235 



14 

]2k 



28.3 

1 45 



0.35 
38 





Alum 


Sludge 
(B) 





7. 


k 


1400 : 


913 


<1 


13 


29. 


4 


0. 


30 




(2 00 


mg/ } a 1 um ) 


10 


6. 


5 


1450 


728 


155 


99 


136 




21 






A 1 um 


S 1 udge 
(C) 





7. 


1 


1450 


950 


<rl 


12 


28. 





0. 


30 




(550 


mg/1 alum) 


10 


6. 


k 


1450 


764 


85 


99 


137 




30 






: FeC 1 


^ Sludge 

'(D) 

g/l Fe^) 





7, 


k 


1450 


949 


<:i 


13 


32. 


3 


0. 


30 






























(10 m 


10 


6. 


k 


I 500 


762 


220 


1 17 


139 




30 






FeC I 


■3 Sludge 

q/l Fe^^ 





; ^" 


k 


1400 


907 


<l 


1 1 


29. 


7 


0. 


30 




( 7 r , 


1 





hS 


1450 


722 


21 S 


134 


] CO 




66 





( a / "!" - t a I ? H o s p !^ o r u s 

(b) Total Kjeldahl Mitrogen 

(c) Total Orqaric Carbon 



( d ) Amfor- ia fiitrcqen 

(e) Nitrate Nitrogen 



TABLE 17 

Sludge Solids& Oxygen Uptake Rates (a) 
(Series III - Sem i - Con t i n uou s Experiment, 10 Day Theoretical Detention Time) 



Sol ids 



O2 Uptake Rates 
at 200c 



Sludge 



TS (b) 
mg/ 1 



TVS (c) 

mg/ 1 



4 



^ TVS ' SS (d) : VSS (e) ^ VSS ^ 
TS mg/1 mg/J SS ppm02/hr mgO^hr/gySS 



Control Sludgei Feed j 13,662 

(A) ; 

(no chemicals Digested 11,211 
added) ' 



9,518 69.7 12,830 
7,137 63.7 9,929 



9,137 71.3 87.10 9.02 
6,357 6^4.2 18.55 3.02 



VJ1 



A 1 urn SI udge Feed 1 ^ , 1 23 

(B) : 

(200 mg/1 alum)Digested ; 11,520 



9,850 69.7 13,177 
7,33^ 63.7 10,137 



9,350 70.9 78.70 8.00 
6,5^0 6^.6 1^.17 2.23 



Alum Sludge Feed l'+,666 

; (c) 

'(550 mg/1 a 1 um) D ; ges ted 11,970 



0,132 69.2 13,257 
7,^90 62.7 10,512 



9,275 70.0 62.^0 6.50 
6,7^3 6^.2 16.^1 2.58 



FeCl-i Sludge 

^°^ +3 

'(10 mg/1 Fe ^) 



Feed 13,652 9,507 69.7 12,767 
Digested 11,135 7,088 63-7 9,712 



9,073 71.1 91.80 9.80 

6,236 64.3 15.12 2.5! 



FeCIo Sludge 
(30 r, q / 1 F e ^) 



Feed 1 3 , 968 9,7^1 69.7 12 ,850 

Digested tt,20 3 7J05 63. A 9,796 



9,035 70.3 94.50 10.10 

6,251 63.8 12.84 2.13 



V a } A V e r rj a e Values ^u e I v e n 

^ b ) Total Solid'. 

[z) T o I a 1 V o ! d t : ' c 5 o 1 " ri ^ 



(d; Suspended Solids 

(e'i Volatile Su5::5erdeG Sc'idi 



TABLE 18 

Sludge Characteristics (a) 
Series III - Semi-Continuous Experiment, 10 Day Theoretical Detention Time) 



oo 



Sludge 



PH 



TP (b) 
mg/1 -POi^ 



Control Sludge Feed 6.7 
(A) 
{no chemicals Digested 6.3 
added) 



1 50 
300 



Alum SI udge Feed 6.65 1 250 
(B) 
(200 mg/1 alum) Digested 5.95 1300 



TKN (c) 

mg/ 1 -N 



890 
633 



i93 
6 in 



AlumSludge Feed 6.4 
(C) 
(550 mq/1 alum) Digested 5.5 



200 
300 



B87 
€92 



6.65 



FeClo Sludge Feed 
(10 mg/l Fe ^) Digested 6.1 



1 200 

1 250 



629 



FeCl-3 Sludge Feed 

' ^ ■' +3 
(30 mg/1 Fe ) Digested 



6.7 



.95 



1 250 
I 300 



868 
616 



( a ) A v;e r a g e Values Are G i y e n 

fb): Total Phosphorus 

(d) Total Kjeldahl Nitrogen 



TABLE 19 



Supernatant Characteristics (a) 



(Series III - Semi-Continuous Experiment, 10 Day Theoretical Detention Time) 






S 1 udge 



Soluble 


Soluble 








TP (b) 


TOC (c) 


NH3 (d) 


NO3 (e) 
mg/ 1 -N 


SS (f) 


mq/ 1 'POi^ 


mg/ 1 


mg/ 1-M 


mg/ 1 



Control Sludge 
(A) 
( no chem i ca 1 s 
added ) 



Feed 
D i ges ted 



50 



2^ 
55 



51 .5 
36.9 



Feed 



■Alum SI udge 

(8) I 
(200 mg/1 a 1 urn) ! D 1 ges t ed 



30 



21 



53.5 

^+0. 3 



Alum Sludge ; Feed 
(C) i 
{550 mg/1 a I um) i D i ges ted 



<Z\ 



16 
40 



^9.3 
70.6 



0. 50 
96 



0.25 
108 



0.60 



NO (g) 
510 



ND 
560 



ND 
225 



FeC 1 -3 Sludge 



3 



(D) 



+ 3 



Feed 



(10 mg/1 Fe ) D i ges ted 



<1 

30 



20 
55 



56.2 

^7.0 



0. ^0 
96 



ND 
320 



FeClj Sljdge 

<EJ +3 
{30 mg/ 1 Fe ^ 



Feed 
Digested 



<1 

18 



17 

k7 



57.3 
31.9 



0.k5 
3 k 



ND 

7^0 



(a) Average Values Are Given 

(b) Tota' P'TOSohorus 

{c i Tota'i Organic Carbon 

(d) Ammonia Nitrogen 



(e) Nitrate Nitroqen 

(f) Suspended Solids 
(a; Not Determineo 



•iVV 



TABLE 2 



Vacuum Filtration Test Results (a) 



(Series I & II) 



Con t rol Sludge 



Alum Sludge 



FeCl3 Sludge 






Art 






Ae rat ton 
Period 
(days) 



23 

30 



3 

9 

16 

2 1 



S 1 u d ge 
Tota 1 
Sol ids 

g/l 0ml 



% of the original Sludge % of the original Sludge % of the orlgina 

volume of sludge volume of sludge volume of sludge 

appeared as filtrate '°^^' appeared as filtrate ^^^ appeared as filt 

— ■ Sol ids r Sol i d i \ 



rate 



within within within w i t h i n i w i t h i n within w i t h i n ! w i t h i n ■ w i 

15 min 30 min 60 min g/lOOml 15 min30 min 60 nin g/lQOml 15 min 30 min60 



thin 
m i n 



1.317 21 29.5 ^1.5 1.2 35 

1 .251 19 26. 5 36 1 .035 

1.210 19. 5 ' 27.5 38 0.970 

I .08^ 2 1 29 ^1.5 0.813 

\.\eh 19 27 38 0.850 

1 .220 20 28.5 39 0. 709 



25.5 

23.5 

1 8. 5 

19 

19 

19.5 



3^4.5 

32 

26 

27 

27 

28 



^7 
hk 

37 
38 
38 

39 



1.177 
0.978 
0.912 

5 0.767 
0.821 
0.772 



26 

21.5 

19 

19.5 

1 8. 5 

20 



0.855 
0.750 

0.73^ 
0. 720 



25.5 
21 

19.5 

18 



35. 5 

m- 

27. 5 

M 



k] 
39 
37 



1 .281 
1 . 080 

1 . 0^40 

0. 980 



37 
16 

18 

1 7 



^9 

22. 5 
25 
23 



Buchner Funnel Filtration Test; 100 ml of Sludqe Sample; 
Whatman Filter Paoer No.l (diam. = 7 cm); 15" Hf^ Vacju-^ 



35 

30. 5 

27 

27 

27 

28 



^7 
kO 
38. 5 

38. 5 
37 

39. 5 



67 0.957 27 37 51 

30. 5 0. 890 19 26 36.5 

3^4 0.670 19 27 37 

32 0. 730 19 26 36 



TABLE 21 



Settling Test Results (a) 
(Series I s I 1 ) 



Ae ra t ion 
Period 
(days) 



Con t ro 1 SI udge 



T 



Alum Sludge 



FeCl^ Sludge 



<T^ 



c/i 

n 

9 

m 1: 






2 

i* 

7 
10 

15 
21 
28 




2 

7 
1 1 

15 
21 



Hei ght of SI udge - 
Supernatant Inter- 
face (ml) 



Height of SI udge 
Supernatant Inter 
face (ml) 



Height of Sludge 
Supernatant Inter 
face (ml) 



after 1 hr after 1.5 after 1 hrrafter 1.5 after 1 hriafter 1.5 
settling hr settling! settling hr settling settling jhr settling 



800 
900 
942 
965 
975 
900 
970 
960 



680 
790 
91 
900 
905 
905 



700 
840 
900 

955 
N D ( b ) 

827 
955 
945 



830 
893 
937 
950 
925 
875 
890 
850 



740 

820 

900 

930 

ND 

803 

840 

760 



810 
870 
925 
935 
900 
580 
790 
885 



500 
700 
870 
850 
860 
860 



750 

940 
970 
973 
970 
965 



680 
900 
950 
960 
955 
955 



705 
920 

945 
950 
940 
9^0 



700 
780 
885 

910 
ND 

483 
680 
830 



610 
ND 

915 
915 

91 
910 



(a) Settling in a 1-litre graduated cylinder (l.D. = 6.2 en; 
deviced with stirring apparatus rotating along the 
Internal wall of cvlinder at 1 rpm 

(b) Uot Dete-rineJ 



T.J.- =rv«f^t: 



TABLE 22 

Results of Filtration & Settling Tests on Digested Sludge 
(Series Ml - Sem i -Con t i n uous Experiment, 10 Day Theoretical Detention Time) 



Filtration Test (a) 



Sett ling Test (b) 



9\ 



Sludge 



Sludge 
Total 
Sol ids 

g/1 00 ml 



Z of the Original Volume of 
Sludge Appeared as Filtrate 



Height of Sludge - 
Supernatant Inter- 
face (ml) 



Control Sludge (A) 
Alum Sludge ( B) 
Alum Sludge (C) 
FeC 1 3 S ludge (D) 
FeCl , SI udge (E) 



within 1 within within after 1 hr after 1.5 
15 niin < 30 min 60 min settling hr settling 



. 16 
. 12 
. 16 
. 12 
. 13 



22. 5 

22 

35 

26.5 

18.5 



32 
31 

hi, 5 
37 
26.5 



$\ 

37 



890 
902 

863 
920 

8i*5 



ShO 
780 
875 
750 



(a) Buchner Funner Filtration Test; 100 ml of sludge 

sample; Whatman Filter Paper fJo.I (diam. = 7 en); 
15" Hg Vacuum 

(b) Settling in a 1 - 1 1 t re graduated cylinder (l.D. = 6.2 cm) 
deviced witli stirring apparatus rotating along the 
internal v^all of cylinder at 1 rpm 
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